INTRODUCTION
Commercial production of hydrocarbons from Oregon has been primarily limited to the Mist gas field in northwestern Oregon (Newton, 1979; Armentrout and Suek, 1985) . Exploration for oil and gas in southwestern Oregon has been discouraging thus far, although the density of drilling is relatively low. As a part of the 1995 U.S. Geological Survey National Assessment of oil and gas resources , this study attempts to characterize the source rock potential of Eocene strata in the Tyee and Umpqua basins of southwestern Oregon (Figure 1 ). The adjacent Coos Bay basin was the site of an earlier oil and gas investigation by Newton (1980) . Three critical factors in this source rock evaluation of generation potential (quantity), potential type of hydrocarbons (oil and/or gas), and thermal maturity. The volcanic and structural history of the area may be a factor in the thermal maturity both locally (i.e., proximity to sills and dikes, and thrust faults) and regionally (i.e., high crustal heat flow of the adjacent Western Cascade arc).
All the outcrop and exploration well samples in this study are Eocene in age except for four samples from the Mesozoic Sixes River Terrane of the adjacent Klamath Mountains (Figure 1 ). Approximately 144 samples (Table 1) were analyzed by RockEval pyrolysis and seven samples were analyzed for vitrinite reflectance and maceral characterization. Outcrop samples were collected from fresh road and stream cuts. Well cuttings from six oil and gas exploration wells were sampled from the Oregon Department of Geology and Mineral Industries core repository in Portland. Most samples are keyed to measured sections and wells described in a fence diagram prepared by Ryu and others (1992) and Ryu (1995) .
REGIONAL SETTING
The Paleogene history of the southern Oregon Coast Range was largely governed by northeast motions of the Kula and Farallon plates relative to the North American plate (Atwater, 1970; Coney, 1978; Drake, 1982) . In the Paleocene and early Eocene, basaltic seamounts and oceanic islands were erupted along the Kula and Farallon spreading ridge, perhaps over a hot spot (Duncan, 1982) . Alternatively, these seamounts and islands were formed in a rifted continental margin (Wells and others, 1984) . Subduction of the Kula and Farallon oceanic plates beneath the North American continental plate during early Eocene time produced a "trench" or marginal basin (Umpqua basin on Figures 1 and 2 ) (Snavely, 1987; Niem, 1984,1990; Perittu and Benson, 1980) . As the thickened oceanic crust was partially subducted beneath the North American margin (represented by Mesozoic terranes of the Klamath Mountains), the oceanic crust and seamounts (i.e. Siletz River Volcanics) were partially incorporated with the Mesozoic crust and lower Umpqua turbidite strata in a series of northwestward verging imbricate thrust sheets (Figures 1 and 2a) . As thrusting continued, a fan-delta/slope/submarine fan complex (i.e., Bushnell Rick Formation, Tenmile Formation, and lower Umpqua Group; Figure 3 ) prograded from the uplifted
METHODS
The Rock-Eval II instrument is capable of measuring both pyrolytic yield of hydrocarbons in a helium stream atmosphere and residual organic carbon by oxidation. The powdered rock sample (about 100 mg) is first analyzed at 250°C for 5 minutes that thermally distills organic compounds from Ci to about C32. The released hydrocarbons are measured by a flame ionization detector (FID) and the amount is reported as Si (mg/g rock). Then programmed pyrolysis from 250°C to 600°C at 25°C/minute cracks the kerogen and heavy bitumen yielding organic compounds, water and carbon dioxide as well as other gases. Half the flow of gas goes to the FID to measure the generated hydrocarbons as S2 (mg HC/g rock) and half goes to a carbon dioxide trap. The gases flow into a carbon dioxide trap from 250°C to 390°C (from 390°C to 600°C, the evolved carbon dioxide is not collected). After completion of the programmed pyrolysis, the carbon dioxide trap is heated and the released gas measured by a thermal conductivity detector (TCD) is reported as S3 (mg HC/g rock). This amount of CO2 is a function of the oxygen content of the organic matter. Next the crucible is moved to another furnace where it is heated to about 590°C in air (oxidizing atmosphere). The carbon dioxide (and carbon monoxide catalyzed using CuO to carbon dioxide) evolved is measured as 84 by the TCD. 84 is the residual (inert) organic carbon and is added to Si and S2 to calculate the total organic carbon content (TOC). Tmax (°C) is the temperature where the maximum amount of S2 hydrocarbons is generated. Tmax is a function of kerogen type and thermal maturity.
Measured pyrolysis values are usually not interpreted directly but in conjunction with other parameters. For example, Si and S2 are typically interpreted in relation to the total organic carbon content. Hydrogen Index (HI) is the ratio of S2/TOC expressed in the units mg hydrocarbons (HC)/g organic carbon (OC) which is correlative with the H/C ratio of the kerogen: HI = 694 /C -0.29) -800 (O/C), (Orr, 1983) . Values typically range from 0 to 900. Oxygen Index (OI) is the ratio S3/TOC (mg HC/gOC) that is correlative with the O/C ratio of the kerogen. Values typically range from 0 to 300. Thus, HI and OI are indicators of kerogen type analogous to the van Krevelen diagram (H/C vs. O/C) which, in turn, indicates whether the source rock is oil-or gas-prone (Peters, 1986) .
Vitrinite reflectance was determined on splits of selected rock samples from the sample set. First the dispersed organic matter was separated from the sample by centrifuging the mixture of rock powder and zinc bromide solution (Barker and Pawlewicz, 1986) . After decanting off the organic matter into another centrifuge tube, it was rinsed and centrifuged three times and then dried. The dried organic matter was set in resin on a standard petrographic slide, and after drying, the slide was trimmed with a thin section saw and polished on a lap wheel. Reflectance readings were taken under oil immersion using 546 nm light and a 3 micron sensing spot. Ideally 50 readings are taken on terrigenous organic material ( Type III kerogen) with the lowest reflectance but the actual numbers of readings taken depend upon the abundance of terrigenous organic matter in the sample.
RESULTS AND INTERPRETATION

Organic Facies
Most of the samples are mudstones and have a very low total organic carbon content (TOC). Over 80 percent of the samples analyzed have less than 1.0 weight percent TOC and over 88 percent of the samples contain less than 1.5 weight percent TOC (Table 2 ). There are, however, twelve samples with TOC values greater than 7 percent; one sample may be classified as a coal (greater than 50 percent TOC). The other eleven samples described as coals from field observations ( Table 1 ) are classified as highly carbonaceous mudstones based upon TOC ( Table 2) .
Most of the samples have hydrogen index (HI) values less than 300 mg HC/gOC (Table 2) indicating that the kerogen is predominantly Type III and Type IV organic matter (Peters, 1986) . This type of organic matter is usually derived from terrestrial plants and re worked/oxidized organic matter of unknown origin (Tissot and others, 1974, Peters, 1986) . A plot of HI vs. OI (Figure 4 ) suggests that the samples can be subdivided into three organic facies groups defined herein below as Facies A, B and C. Facies A has the highest hydrocarbon content with HI values above 200 mg HC/gOC, Facies B has values in the range between 75 and 200 mg HC/gOC, and Facies C has HI values below 75 mg HC/gOC. Three Facies A samples have a HI above 300 mgHC/gOC which classifies them as Type II kerogen (Peters, 1986) . However, two of the three samples (93050-020 and 93051-010) have low TOC values (0.09 and 0.47 weight percent, respectively) which produce anomalously high HI values. A duplicate run of the third sample (93050-046) has a HI below 300 mg HC/gOC and the average of the two runs is slightly below 300 mg HC/gOC (see Source Rock Evaluation below). Although a few borderline samples would change facies classification if less mature, the maturity effect is generally minimal. A similar minimal maturity effect has been observed in suites of Type III organic matter in other basins (Peters, 1986) . Most of the rock samples described as "coals" are either Facies A or B. Table 3 lists the organic facies classification of each sample and is sorted by age. Facies A organic matter is predominantly found in the Coquille River and Remote members of the White Tail Ridge Formation and consists of well-preserved land plant debris deposited in a deltaic environment. The Sixes River Terrain, Bushnell Rock Formation, Hubbard Creek member of the Tyee Formation, and the Slater Creek member of the Bushnell Rock Formation each contain one sample with Facies A organic matter. Facies B organic matter is also land plant debris deposited in deltas along the margins of the Tyee and Umpqua basins throughout the Eocene. The Bushnell Rock Formation (5 samples) and the Tenmile Formation (3 samples) have the most Facies B samples. Rock samples classified as Facies C organic matter are also scattered throughout the Eocene section but are found predominantly in the undifferentiated Umpqua Group (27 samples), the Tenmile Formation (11 samples), the Camas Valley Formation (11 samples) and all members of the Tyee Formation (28 samples). Facies C organic matter is oxidized and/or reworked organic debris probably derived from land plants and algal organic matter deposited in the deep marine portions of the Tyee and Umpqua basins.
Thermal Maturity
The thermal maturity of the organic matter was evaluated based on the Tmax of the 82 peak using the criteria listed in Table 3 (Bordenave and others, 1993) . The Tyee and Umpqua basins samples have a wide range of maturity from immature to overmature although most are immature with respect to gas generation (Tmax less than 470°C). There are 54 immature samples, 51 samples in the "oil window", 33 samples in the "gas window", and one overmature sample. Table 3 lists the maturity level of each sample and the reliability of the Tmax data. Many of these maturity ratings are unreliable (e.g., too high) in cases where the 82 value is less than 0.3 mg HC/g rock (Bordenave and others, 1993) and/or TOC content is less than 0.5 wt. % (Peters, 1986) . For example, some outcrop samples of the Hubbard Creek Member are more thermally mature (based on Tmax) than samples of underlying units in the same unfaulted measured section. The higher than normal Tmax maturity ratings of the Hubbard Creek samples are probably invalid due to low 82 values which exacerbate the interference by smectite clay matrix (Peters, 1986) . Outcrop weathering is partially responsible for some of the low 82 values. Many of the outcrop samples have reliable Tmax maturity values in the "oil window" (thermal maturity required for oil generation). These data suggest that some areas of the basin were once more deeply buried and thermally altered before uplift and erosion. However, some samples have probably been thermally altered by hydrothermal fluids (see below).
To avoid outcrop weathering effects, we studied Tmax of samples from several wells in the southern Oregon Coast Range. Thermal maturity usually increases with depth in a well due to the normal increase in temperature and age of the rock with increasing depth. Figure 5 shows the downhole maturity profiles of two wells in the northern and central part of the study area. The Union Liles well (drilled in the lower Umpqua Group) and the Sawyer well have normal profiles reflecting a cool regional geothermal gradient. The anomalous data point in the Sawyer well is probably due to a low S2 value. No sills or faults are reported in this well in the center of the gently deformed Tyee forearc basin (Ryu and others, 1992) .
Three wells in the central and southern part of the study area ( Figure 6 ) have steep profiles and/or much higher Tmax maturity values in relation to depth. The Scott #1 well has a reversal in the maturity trend of T max and vitrinite reflectance values. The nearby Glory Hole #1 well may also have a reversal, but there are only three data points. A reversal in the maturity trend could be caused by local heating from basaltic sills and/or migration of hydrothermal fluids along thrust faults in the Umpqua basin. For example, a basalt sill penetrated by the Long Bell well in the northern part of the Tyee basin locally heated lower Umpqua mudstones and formed a small-scale reversal in the Tmax gradient (Ryu, 1995) . A similar pattern of data on a smaller scale has been observed in Cretaceous black shales from the eastern Atlantic that were intruded by sills (Peters and others, 1983) . However, no sills have been reported in the Glory Hole #1 or Scott #1 wells (Ryu and others, 1992) . According to core descriptions, the Scott #1 well penetrated pillow basalts of Siletz River Volcanics at about the depth of the maturity reversal (2215-2760 ft), and the Bushnell Rock Formation is above and below the basalt. Both wells are on strike with the mapped projection of the Bonanza fault zone (Niem and Niem, 1990) . Several miles east of these two wells, hydrothermal fluids along the Bonanza fault zone have created local cinnabar mineralized zones and have altered and baked bedrock near the boundary with the Western Cascades (Wells and Waters, 1934; Ryu, 1995) . The most likely explanation for a reversal in the maturity trend is the emplacement of more mature Umpqua Group strata by thrusting over less mature Umpqua strata and/or local heating by hydrothermal fluids in the fault zone. Fractured sedimentary rock and fractures filled with fluorescing material reported in the core descriptions of the Scott #1 well support the thrust and/or migration of hydrothermal fluids hypothesis.
The samples from the Great Discovery #2 well have elevated maturity values in relation to depth ( Figure 6 ). The Great Discovery #2 well also has a reversal in the maturity trend suggesting the influence of possible faulting between -500 and -1500 feet subsea. However, no sills or faults are reported in this well (Ryu and others, 1992) . The Tmax values of these samples in the lower part of the well are also unreliable due to lean S2 values (less than 0.2 mg/g), and the reversal in the pattern may not be valid.
Vitrinite reflectance data from this study is listed in Table 4 and is plotted in Figure 7 . Vitrinite reflectance is one of the most commonly used thermal maturity parameters. Many investigators have found a correlation between vitrinite reflectance and Tmax of organic matter in thermal maturity studies in other basins. For a given organic matter type, both vitrinite reflectance and Tmax increase with increasing depth (thermal maturity). For example, Figure 7 shows the approximate upper and lower boundaries of the data from Espitalie (1985) (Type III organic matter) and data from Peters (1986) (assorted organic matter types). Three samples from the current study have anomalously high Tmax values ( Figure 7 ). One explanation for the two Scott #1 well samples may be thermal alteration by hydrothermal fluids that migrated along faults in that well. Alternatively, the three samples may contain reworked organic matter which can produce a much higher Tmax than expected (Peters, 1986) .
Source Rock Evaluation
The samples with the highest organic content are listed in Table 5 . The samples are grouped by formation or member and are ranked by generative potential. The criteria for evaluation of the hydrocarbon type and generative potential are based on TOC and S2 (Peters, 1986) . Si was not used because it is more affected by weathering in outcrop samples, and Si is suppressed relative to S2 in coals (Espitalie, 1985) . The "coals" and high TOC carbonaceous mudstones in the Coquille River and Remote members have very good generative potential for gas and possibly minor oil based on these criteria. However, Peters (1986) cautioned that some type III gas-prone coals can give anomalously high HI values that place them in the oil-and gas-prone category on OI vs. HI plots. Further visual kerogen typing and elemental analysis are necessary to evaluate the oil potential of these high TOC rocks. The "coals" in the White Tail Ridge Formation, Baughman Member of the White Tail Ridge Formation, Bateman Formation, and Spencer Formation have very good generative potential for gas only. It is important to realize that the generative potential of each stratigraphic unit is probably not uniform vertically or laterally and that these "coal" samples are representative of only a small part of the unit (<3% of total volume).
The Sixes River Terrane and Hubbard Creek Member of the Tyee Formation samples have good generative potential for gas and possibly oil. However, the Sixes River Terrane sample (93050 018) contains visible bitumen and little other recognizable organic matter (Table 4 ). This bitumen may be migrated hydrocarbons or contamination as indicated by the Si/Si+S2 (Production Index) value of 0.08. This lower to middle Cretaceous limestone occurs as house-sized blocks within the Sixes River Terrane, and, therefore, is a limited source rock (Niem and Niem, 1990) .
For a potential source rock to become an effective source rock, it must have reached a sufficiently high maturity level to generate hydrocarbons. For oil-prone type II source rocks, that maturity level is roughly equivalent to a Tmax of 435°C (oil window) but for gas-prone type III source rocks that level is greater than a Tmax of 470°C (gas window). None of the Oregon samples with good gas generative potential have reached that level but one or two are close (93049-038 and 93050-013). Sample 93049-038 is a coal in the upper Eocene Spencer Formation which was collected near the foothills of the Western Cascades volcanic arc. That area is close to basaltic and andesitic sills and has undergone a high thermal stress during arc volcanism in the Oligocene and Miocene (Ryu, 1995) . The other sample (93050-013) is a "coal" in the Remote Member of the White Tail Ridge Fm. that is underlain by thermally less mature Umpqua Group strata (Ryu, 1995) . These two samples suggest that thermal friction and/or hydrothermal fluids migrating along thrust faults may have locally created maturation levels high enough to generate thermogenic gas. Hydrothermal fluids can act as local maturation agents in technically active basins (Simoneit, 1994) . Summer (1987) concluded that the dominant maturation process throughout the Pacific Northwest is related to hydrothermal fluids. Thus, the possibility exists that equivalent stratigraphic units in the subsurface are locally effective source rocks due to thermal friction and/or hydrothermal fluids that migrated along thrust faults.
CONCLUSIONS
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